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I. Introduction 
Among the vertebrates, crocodilians have the most complex anatomy of the heart and outflow channels. 
Their cardiovascular anatomy may also be the most functionally sophisticated, combining as it does the 
best features of both reptilian and mammalian (and avian) systems. 
The puzzlingly complex "plumbing" of crocodilians has fascinated anatomists and physiologists for a 
very long time, the first paper being that by Panizza (1833). Gradually, with the application of successive 
techniques of investigation as they became available, its functional significance has become reasonably 
clear, and the complexity is now revealed as a cardiovascular system of considerable elegance. 
In this paper I will review the main anatomical features of the heart and outflow channels, discuss what 
is known about the way they work, and speculate about the probable functional significance. 
 
II. Anatomy 
 
The heart lies medially, close to the ventral surface and midway between the origins of the front and 
hind limbs. In a supine specimen, the beating of the heart is usually visible externally. 
 
The most recent comprehensive review of the heart anatomy is that by Webb (1979), but there 
has been a lack of detailed anatomical drawings, until those in Grigg (1989), which are reproduced 
here (Fig. 1) with dorsal and ventral views represented, both intact and dissected to show internal 
anatomy. Functional aspects, however, are most easily interpreted with reference to a simplified 
schematic (Fig. 2). 
The significant structural elements that set apart the crocodilian heart and aortic arches from 
other reptiles are as follows: Left and right ventricles are separate and complete. Both left and right 
systemic aortas are present, as in most reptiles, but there is a considerable asymmetry (particularly 
in larger specimens), with the right aorta being the larger. Most strikingly, however, the left aorta 
comes not from the left, but from the right ventricle, adjacent to the pulmonary artery. Each has a 
bicuspid valve at the base. Most interestingly, there is a foramen joining the two in their common 
wall where left and right aortas cross over each other, the foramen of Panizza, about which there 
has been considerable speculation concerning function. The foramen is located deep down in the 
valve pockets, its position suggesting that blood could traverse between the two aortas only during 
diastole when the opening is not obscured by the valve flap (Fig. 3). The origin of the pulmonary 
aorta has a significant pulmonary stenosis, which is muscular and, in some specimens at least, 
seems able to be blocked by blocks or lobes of tissue (see later). A further significant departure 
from the typical reptilian anatomy is the asymmetry of the dorsal confluence where left and right 
aortas join (see Fig 2). The two join through only a small vessel, which suggests that most of the 
blood traversing the left aorta would probably be directed to the gut. 
Because anatomical and functional studies on a diversity of crocodilian species have thus far 
revealed similarities, rather than differences, it seems reasonable to pool results gained on different 
species. 
 
 
 
Figure 1. (Top) dorsal and (bottom) ventral views of the heart of Crocodylus porosus. The right-hand 
panel shows the heart opened dorsally and ventrally, along the lines A-A and B-B, respectively. The location 
of the foramen of Panizza is indicated in top and bottom right drawings by the black dot at the level of the 
aortic valves. Top right, solid arrows indicate the direction of blood flow during normal air breathing, from 
left atrium to left ventricle to right systemic arch and, through the foramen, to the left systemic arch. Bottom 
right, the solid arrow shows the direction of flow during normal air breathing, from right atrium to right 
ventricle to pulmonary arch. The dashed arrow, from right ventricle to left systemic arch, indicates the 
direction of flow when the pulmonary bypass shunt operates. (LA, left atrium; RA, right atrium; LV, left 
ventricle; RV, right ventricle: PVC, posterior vena cava; RAVC, right anterior vena cava; RPV, right 
pulmonary vein, LPV, left pulmonary vein; LPA, left pulmonary artery; RPA, right pulmonary artery, RAo, 
right aorta; LAo, left aorta; CC, common carotid artery; SC, subclavian artery.) 
 
 
 
 
 
III. Functioning 
 
A. Operation During Normal Air Breathing 
It was recognized early (e.g. Sabatier 1873) that the opening of the left aorta from the right ventricle 
afforded the opportunity for a pulmonary bypass shunt through which blood from the pulmonary circuit 
could cross to the systemic circuit. Nevertheless, this was also seen by some (e.g. Goodrich, 1919) as a 
counterproductive pathway that would lead to obligate mixing of deoxygenated blood in the systemic 
circuit. 
The test was the measurement of blood oxygen capacity in left and right aortas (White, 1956; 
Greenfield and Morrow, 1961; Khalil and Zhaki, 1964) and in Caiman crocodilus, Alligator 
mississippiensis and Crocodylus niloticus, respectively, it is clear that both left and right aortas carry 
well-oxygenated blood during normal air breathing. This has been confirmed in Crocodylus porosus and 
C. johnstoni by Grigg and Johansen (1987). 
These findings have two important implications. First, the bicuspid valve at the base of the left aorta 
must remain closed in normal air breathing, presumably because of lower pressure in the right ventricle 
than the left aorta. Second, the source of oxygenated blood must be the right aorta, through the foramen 
of Panizza, as suggested by both Panizza (1833) and Sabatier (1873). 
Pressure recordings have confirmed lower pressures in the right ventricle than the left aorta 
throughout the cardiac cycle in crocodilians at rest (White, 1956; Greenfield and Morrow, 1961; van 
Mierop and Kutsche, 1985; Grigg and Johansen, 1987). A typical example for Crocodylus porosus is 
seen in Figure 4. 
The entry of blood from the right aorta to the left through the foramen of Panizza, as proved by close 
similarity of blood oxygen capacities in both vessels, posed a problem concerning the mechanism. Some 
authors (e.g., White, 1976) have apparently assumed that blood can flow easily from the right to the left 
aorta through the foramen, but others (e. g. Sabatier, 1873; Greenfield and Morrow, 1961; Webb, 1979; 
Grigg and Johansen, 1987) have recognized that the anatomy seems to argue against its easy occurrence 
(see Fig. 3). Sabatier (1873) and Greenfield and Morrow (1961) accepted that opportunities for blood to 
flow through the foramen would occur only in diastole, when the pocket valve flaps closed, exposing the 
foramen deep in the pocket. Indeed, the latter authors reported asynchronous pressure events in left and 
right aortas of A. mississippiensis, showing that their interpretation was correct. Grigg and Johansen 
(1987) found this to be the normal circumstances in C. porosus and C. johnstoni also (see Fig. 4). This 
conflicted, however, with pressure data presented by White (1976), in which pressures in left and right 
aortas were synchronous. The matter is now partly resolved, because Grigg and Johansen (1987) found 
that the latter pattern occurred also in C. porosus, uncommonly, during low central blood pressures, 
correlating with either bradycardia in a dive or with low water temperatures (Fig. 5). Interestingly, 
White's (1956) blood pressure data were lower than those reported by Greenfield and Morrow (1961), 
strengthening the possibility that this is the explanation for the difference between the two sets of results. 
It seems, therefore, that any model to account for the mechanism by which blood flows through the 
foramen has to accommodate some functional flexibility. Accordingly, Grigg and Johansen (1987) 
proposed that the foramen may be of variable caliber, opening widely in some situations so that the cusps 
provide no barrier to flow during systole, particularly when blood pressure is low. (It is worth noting that, 
whereas the most conservative interpretation may be that blood flow continues to be from right to left 
aorta, there is an alternative possibility that flow direction through the foramen is from left to right during 
synchronous pressure events. This possibility is discussed later.) 
But what could be the mechanism for varying the caliber of the foramen? White (1956) drew attention 
to the presence of a cartilaginous strut, part of the central cartilage (Fig. 6), which sweeps around the distal 
margin of the foramen. He interpreted this to be well placed to hold the foramen open. However, it may be 
of still more importance to enable enlargement of the foramen under muscular action. Whether or not this 
occurs is now entirely speculative, but warrants further attention. 
 
 
 
 
Figure 2 Schematic diagram of the heart and major arteries of a crocodilian. The heart has been 
rotated 180° around the long axis of the body to "untwist" the outflow channels, thus clarifying their 
relationship with the ventricles. Note particularly: complete division between left and right ventricles, left 
aorta arising from right ventricle (along side pulmonary aorta), the foramen of Panizza (shown as a gap in 
the common wall between left aorta and right aorta), and left aorta smaller than right aorta, their dorsal 
connection being made by only a small vessel. 
 
 
Figure 3 Semi schematic diagram to show the position of the foramen of Panizza (dotted circle) in 
the common wall of left and right aortas where they cross over, obscured in the pocket of a semilunar 
valve. 
 
 
 
Most commonly, however, blood flows into the left aorta during ventricular diastole, and recent papers by 
Axelsson et al. (1989) and Pettersson et al. (reported in Chap. 19) have reported measurements of flow for the 
first time. Broadly, these results confirm the interpretations of cardiac function that were drawn from pressure 
recordings, and provide further detail. In particular, the flow pattern in the left aorta is complex, the net flow 
being small in comparison with that in the right aorta. The small flow is in agreement with Grigg and 
Johansen (1987), who argued from theoretical grounds that the flow in the left aorta would be small in 
crocodiles at rest, unlikely to exceed 10% of that in the right aorta. The complexity of the pattern was, 
however, unpredicted. There is a small anterograde flow early in systole, then a reversal, then a second 
anterograde flow coincident with the foramen spike. This mirrors the pressure events (see Fig. 4), and the 
first pulse demands an explanation. Grigg and Johansen (1987) agreed with the proposal by Webb (1979) 
that the initial pressure rise in the left aorta early in systole was transmural, from its close contact with the 
pulmonary artery and the right aorta, as all three vessels lie within a common connective tissue sheath. 
This could also explain the early peak of anterograde flow and, after first appearing to favor the idea of a 
partially open foramen early in systole (Axelsson et al., 1989), these authors, too, now apparently favor the 
transmural explanation (see Chap. 19). 
 
 
Figure 4 Typical blood pressures within the heart and major outflow vessels in Crocodylus porosus at 
rest. The main pressure event in the left aorta, the so-called foramen spike occurs just after peak systolic 
pressure in the right aorta. Note the pressure difference between systemic and pulmonary circuits, a 
situation more reminiscent of mammals than reptiles. 
 
Figure 5 A less typical pattern of blood pressures, with synchronous pressure events of equal 
magnitude in left and right aortas. This pattern may be seen at lower temperatures or when systemic blood 
pressures are low. To account for such observations, the hypothesis has been advanced that the foramen 
may be able to be opened wide in some circumstances (see text). 
 
Figure 6 Cartilaginous structures (solid black) may have some role in the operation of the foramen 
of Panizza (dotted circle). (After White, 1958.) 
 
B. Operation of a Pulmonary Bypass Shunt 
White (1969) force-dived alligators with fixed cannulation of major vessels and showed that, as 
bradycardia developed, right ventricular pressure rose until a right-left shunt developed, which he 
concluded was under vagal control originating in the pulmonary outflow tract. It is clear from his papers 
that White was thinking in terms of the shunt being significant during dives in which metabolism shifts 
from oxidative to anaerobic pathways, with the perfusion of certain parts of the systemic vasculature being 
reduced. 
Grigg and Johansen (1987) studied crocodiles that were unrestrained in the experimental tank and that 
were free to dive or surface at will. Typically, individuals spent long periods resting on the bottom of the 
tank, surfacing for a few breaths every 5-20 min. Wright (1985) has shown that during such dives C. 
porosus shows a small, but significant, bradycardia; that normal resting rates of oxygen consumption are 
maintained; that muscle and plasma lactate levels do not increase; and that oxygen reserves are not even 
nearly exhausted before the animal surfaces for a resupply. In other words, all indications are that these 
dives are undertaken aerobically. 
During such dives in our experiments, it frequently happened that the pressure trace in the left aorta 
began to show an additional peak, the result of increased right ventricular pressure pushing through the 
valves into the left aorta (Fig. 7b compared with 7a). This varied in the extent to which it developed, and it 
often obscured the pressure surge (foramen spike) that is the correlate of pressure surge into the left aorta 
through the foramen during diastole (see Fig. 7c). Grigg and Johansen (1987) considered that this variable 
impact of right ventricular pressure onto the left aortic trace indicated the operation of a variable 
pulmonary bypass shunt. The interpretation was confirmed, in many instances, by the concomitant 
observation of "mixed" blood in the left aorta. 
White (1969) observed similar pressure patterns and made similar interpretations, the difference being 
that Grigg and Johansen (1987) observed animals diving voluntarily and known to be undertaking dives 
well within their aerobic capabilities. The operation of the shunt as a correlate of aerobic rather than 
anaerobic dives puts an entirely new light on the matter because it demands a different answer to questions 
about the functional import of the shunt pathway. 
Before passing to questions of functional significance, Figure 8 provides a useful summary of cardiac 
outflow pathways under normal air-breathing conditions and when the shunt is in operation. 
 
 
 
IV. Functional Significance 
A. The Best Features of Both Reptilian and Mammalian Circulatory Systems 
Crocodilian hearts combine the "best" features of reptilian and mammalian (and avian) hearts. 
Oxygenated and deoxygenated blood is kept separate within the heart, as in mammals and birds. Also, as in 
mammals and birds, blood pressures are much higher in the systemic circuit than in the pulmonary circuit 
(see Fig. 
 
 
Figure 7  Left aortic pressure traces from a crocodile at rest (a) and during aerobic dives in which the 
pulmonary bypass shunt developed (b,c). The main pressure event in trace (a) is the foramen spike that 
results when blood fills the left arch, through the foramen of Panizza, just after the right aortic 
semilunar valves close at the end of systole. The main pressure event in (b) is the result of increased 
right ventricular pressure pushing open the left aortic semilunar valves and injecting less-well-
oxygenated blood into the left arch. The foramen spike is still visible. In (c), the main pressure event is, 
again, of right ventricular origin, to the extent that the foramen spike is completely obscured. 
 
 
Interestingly, typical systemic blood pressures in crocodiles are higher than in most reptiles, whereas 
pulmonary arterial pressures are lower (see Grigg and Johansen, 1987) so that crocodilian circulatory 
pressures are not too discrepant from mammalian values. Both the blood pressure differences and the 
separation of oxygenated and deoxygenated blood follow from the heart having a complete division 
of the ventricle. However, unlike mammals and birds, but like all reptiles yet studied, blood from 
the pulmonary circuit may be diverted to the systemic circuit. In most reptiles, this occurs by the 
operation of an intracardiac shunt, rather than an extracardiac shunt. In either event, there can be a 
pulmonary bypass shunt, whereas in mammals blood flow in pulmonary and systemic circuits must 
remain equal. Thus, crocodiles seem to have evolved a mammalian-style circulatory system relative 
to pressure gradients and separation of oxygenated blood, while retaining the shunting capability. 
 
 
Figure 8 Schematic diagram to show the direction of blood flow in a crocodilian during 
normal air breathing (a), and with the pulmonary bypass shunt in operation (b). Note that 
oxygenated blood (dashed arrow) reaches the left aorta through the foramen of Panizza. Blood in 
the right ventricle flow oxygen. solid arrow) exits only to the pulmonary arch during normal air 
breathing, but some is diverted to the left aorta when the shunt operates, so the left aorta carries 
mixed blood at those times. 
 
B. The Distinctive Features of the Crocodilian Cardiovascular System All Contribute to a 
Sophisticated Pulmonary Bypass Shunt 
The pulmonary bypass shunt in crocodilians is represented not by direct right-left ventricular flow, but 
by a separate vessel, the left aorta. Being extracardiac, this shunt pathway has marked advantages. Apart 
from allowing the complete division of the ventricle, persistence of the left aorta and its origin from the 
right, rather than the left, ventricle means that low-oxygen blood bypassing the heart when the shunt is in 
operation need not enter the systemic circuit until downstream of the carotid circuit (see Fig. 2) and, if the 
relative diameters of vessels seen in dissection is any indication, most of the low-oxygen, shunted blood 
would go to the gut. Thus, oxygen levels in the cephalic blood and in most of the systemic circuit would 
seem to be able to be maintained while the shunt operates, a situation quite different from what must occur 
in most reptiles. Thus, all the significant features of the complex anatomy that typify crocodilians, the 
persistent left aorta originating from the right ventricle, the characteristically crocodilian foramen of 
Panizza and the asymmetry at the dorsal confluence, support the operation of a sophisticated pulmonary 
bypass shunt. 
 
C. What Is the Advantage of Having Such a Shunt? 
This is obviously the crucial question, and it is of broader significance. Grigg and Johansen (1987) 
discussed the question at length. We concluded that perfusion matching offers a much more likely 
explanation than earlier ideas about savings in cardiac energy, and the idea has been discussed more fully 
in general terms by Burggren (1985, 1987) in a comprehensive review of ideas put forward to account for 
reptilian intracardiac shunting. According to Grigg and Johansen, the shunt enables crocodilians to match 
lung perfusion to oxygen requirements as the dive progresses, maintaining oxygen flow because of greater 
arteriovenous differences at lower partial pressures (because of the shape of the oxygen equilibrium 
curve), even at reduced heart rates, while sequestering carbon dioxide away from the lungs and, thereby, 
prolonging efficient oxygen uptake. Wright (1985) has shown that oxygen consumption remains constant 
during the progress of an aerobic dive, despite falling pulmonary oxygen stores and a slowing heart rate. 
Consideration of the Fick equation shows that this can be achieved by an increased arteriovenous 
difference. The shape of the oxygen equilibrium curve (Grigg and Cairncross, 1980) implies that, as the 
dive progresses and pulmonary and arterial oxygen partial pressures fall, the system begins to operate on 
the steeper part of the curve, increasing arteriovenous difference. This means that lung perfusion may be 
matched to oxygen requirements with some independence from systemic flow; an option closed to 
mammals and birds. As a consequence, CO2 is sequestered in the tissues, facilitating oxygen unloading, 
whereas CO2 buildup in the lungs is minimized, favoring maximum removal of oxygen from the lungs. 
 
D. Reverse Flow Through the Foramen of Panizza? 
The logical endpoint of a pulmonary bypass shunt would be the diversion of all blood from the 
pulmonary circuit to the systemic, stopping pulmonary perfusion altogether. One can imagine 
circumstances in which it may be useful for a crocodilian to be able to stop pulmonary perfusion 
altogether, enabling it to hold an oxygen store in the lungs, perhaps to allow periodic reoxygenation of 
the brain, during a period supported otherwise by anaerobic metabolism. Such circumstances could arise 
during an active, struggling dive associated with prey capture or escape from predation. Dives 
associated with attempted escape from an investigator have been studied by Seymour and colleagues 
(1985) who found a significant buildup in blood lactate during exercise. Another circumstance when 
substantial anaerobic dependence may occur may be during a "fright dive" (Gaunt and Gans, 1969; 
Wright, 1985) in which there is sudden and severe bradycardia. The suddenness of its onset suggests a 
rapid switching to anaerobiosis, perhaps conserving oxygen stores in the lung. 
If pulmonary perfusion ceased, so would pulmonary venous return. Here, the only route for blood 
flow to continue in the systemic circuit would be through the left aortic outflow, driven from the right 
ventricle, fed from systemic venous return, as normal. In this circumstance, blood would be likely to 
flow through the foramen of Panizza into the right aorta (i.e. in the reverse of normal direction). Such an 
idea is entirely hypothetical at present, but the anatomical basis for it does exist and, furthermore, four 
pieces of evidence support the idea. First, in larger crocodiles the left aorta is comparatively much 
smaller than the right, yet the base of the left aorta remains large (Webb, personal communication). 
Perhaps the distal part of the left aorta, past the foramen, only needs to be small to cope with a partially 
developed pulmonary bypass shunt (and supply of oxygenated blood to the gut during normal air 
breathing), whereas the proximal section must be large to cope with a larger flow to feed the systemic 
circulation during complete pulmonary shutdown. Obviously, there would be some sort of transition 
situation between the two states. Second, the presence of intriguing structures at the base of the 
pulmonary aorta in C. porosus, described by Webb (1979), strongly suggests that pulmonary flow can be 
very severely restricted, if not stopped altogether. Webb described and illustrated "blocks of tissue" in 
the funnel leading to the pulmonary aorta. He observed that they fit together "like teeth of opposing 
cogs" and appear to be implicated in the mechanical closure of the pulmonary artery. White (1968; 
1969; 1976) discussed the role of active control over the pulmonary outflow tract at its base, whereas 
Greenfield and Morrow (1961) noted "cartilaginous bars" projecting into the outflow tract in a way that 
suggested an active role in obstructing the vessel. Increased pulmonary stenosis presumably leads to 
increased right ventricular pressure that, in turn, initiates the spill of blood through the valves into the left 
aorta as shunt operation commences. If complete stenosis can occur, as the photograph of Webb (1979) 
would seem to suggest, then the proposed flow pattern seems a compelling possibility. Third, it cannot be 
overlooked that the synchronous pressure profiles in left and right aortas (see Fig. 5), which occurred 
associated with severe bradycardia (and at low temperatures) may be a correlate of such a pattern of 
"reverse flow." Finally, and most interestingly, reverse flow through the foramen has been demonstrated 
by Pettersson et al. (see Chap. 19) following the experimental occlusion of the pulmonay arch, although 
these authors considered that the complete occlusion of the pulmonary arteries is unlikely to occur 
naturally. If not, then other explanations will have to be sought for the nubbins of tissue surrounding the 
pulmonary outflow tract and for the longitudinal change in diameter in the left aorta. 
It should be emphasized that this is speculation and little more, but it opens up intriguing possibilities 
that would seem to be worth further investigation. After more than 150 years of thought about the 
crocodilian cardiovascular system, there are still provocative questions to be answered. 
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